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Abstract
In vitro RNA-dependent RNA polymerase assays revealed that the JEV replication complex (RC) synthesized viral RNA utilizing a
semiconservative and asymmetric mechanism. Peak viral replicase activity and levels of viral RNA observed 15–18 h postinfection (h p.i.)
preceded maximum viral titers in the culture medium seen 21 h p.i. Among divalent cations, Mg2 was essential and exhibited cooperative
binding for its two replicase-binding sites. Mn2, despite sixfold higher affinity for the replicase, elicited only 70% of the maximum
Mg2-dependent activity, and deficit of either cation led to synthesis of incomplete RNA products. We also determined as a first instance
for a flavivirus RC, kinetic parameters using cytoplasmic “virus-induced heavy membranes” after depleting endogenous nucleotides.
Exhaustive trypsin treatment, which degraded the bulk of NS3 and NS5, had no effect on replicase activity, suggesting that the active
flaviviral RC resides behind a membrane barrier and recruits minuscule proportions of the replicase proteins.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Japanese encephalitis virus (JEV), a member of the ge-
nus Flaviviridae described as early as 1871, continues to be
a serious threat to public health in southeast Asia, causing
nearly 50,000 cases of childhood encephalitis annually
(Tsai et al., 1999). In addition, several related members such
as dengue (DEN), West Nile (WNV), yellow fever, Murray
valley encephalitis, and tick-borne encephalitis viruses are
life-threatening pathogens of both animals and man (Rice
and Lindenbach, 2001). With no specific and effective treat-
ment available for human Japanese encephalitis, a compre-
hensive insight into the viral replication process could po-
tentially lead to improved strategies that can inhibit virus
growth.
JEV, a small 40- to 50-nm-sized enveloped particle, has
a positive-strand RNA genome 11 kb long carrying a 5
type I cap and lacking a 3 poly (A) tail (Chambers et al.,
1990). The viral life cycle begins with the translation of the
incoming genomic strand to yield a polyprotein that is both
co- and posttranslationally processed by cellular and viral
proteases resulting in three structural (capsid, envelope, and
premembrane) and seven nonstructural (NS; NS1, NS2a/b,
NS3, NS4a/b, and NS5) polypeptides (Chambers et al.,
1990). Flaviviral replication is known to be cytoplasmic,
following an asymmetric and semiconservative mode (Chu
and Westaway, 1985). It commences with the synthesis of a
complementary negative strand by the viral replication com-
plex (RC) to give rise to a double-stranded replicative form
(RF). This recycling template RF is subsequently used for
the production of genomic strands via a replicative interme-
diate (RI) containing single-stranded (SS) nascent tails
(Westaway, 1987). In virus-infected cells, the NS5 protein
functions as the viral RNA-dependent RNA polymerase
(RdRp) in conjunction with most of the other NS proteins
and presumably host cellular factors to form efficient mem-
brane-bound replication factories (Mackenzie et al., 1999).
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The currently accepted asymmetric and semiconservative
mode of replication for flaviviruses is largely based on an
in-depth investigation carried out with Kunjin virus (KUN)
(Chu and Westaway, 1985, 1987). The replication strategy of
other flaviviruses has not been characterized with the exception
of DEN, where preliminary results had indicated a similar
mechanism (Bartholomeusz and Wright, 1993; Cleaves et al.,
1981). RdRp activities of flaviviruses such as KUN, DEN, and
WNV have been studied using infected-cell lysates (Bar-
tholomeusz and Wright, 1993; Chu and Westaway, 1987; Grun
and Brinton, 1986; You and Padmanabhan, 1999), which have
the inherent advantage of being analogous to an in vivo envi-
ronment. These studies have provided vital information about
various properties of RC such as localization, replication strat-
egy, and metal-ion requirement. A similar characterization of
JEV-RdRp, however, utilized NP-40-treated extracts obtained
from infected C6/36 cells (Takegami and Hotta, 1989). Since
detergents can perturb vital protein–membrane as well as in-
terprotein interactions, the use of Nonidet P-40 (NP-40) in the
above study could potentially have altered the properties of the
RC. Moreover, all analyses in this study employed fully dena-
turing formaldehyde agarose gels, which unlike partially de-
naturing urea–PAGE, do not resolve the three viral RNA
species generated by the viral RdRp. In the current article,
studies carried out both in vivo and in vitro attempt to establish
the mode of RNA synthesis and kinetic parameters for the JEV
RC obtained from infected cultured cells. In vitro RdRp activ-
ity was studied with infected-cell homogenates in the complete
absence of detergents and the viral RNA species generated in
vitro were resolved by employing partially denaturing urea–
PAGE, which enabled us to follow the exact course of gener-
ation of all three viral RNA species. Our studies have revealed
new insights into the important role of divalent cations in
catalyzing RNA synthesis by the JEV RC. Additionally, we
have for the first time determined the affinity constants of the
JEV RC for each of its four nucleotide substrates. Most im-
portantly, our investigations revealed a tight association with
infected cell membranes for the JEV RC, in a manner that
shields the enzymatic components from degradation by exog-
enously added protease.
Results and discussion
Time course of viral RNA synthesis and virus production
As a first step in our investigations, we determined the
kinetics of production of viral RNA and progeny virions, the
latter helping to establish a one-step growth curve for JEV.
Virus titer in infected cell-culture supernatants and levels of
positive and negative viral strands within infected cells were
monitored. The first signs of virus increase in the culture
medium was noticeable after an initial eclipse period of 15 h
p.i., an observation corroborated by previous reports (Wu
and Lee, 2001), attaining maximum values at 21 h p.i. with
steady titers maintained thereafter (Fig. 1A). The average
number of total plaque forming units (PFU) released into
the culture supernatant from 2  105 cells was 8.73  107
(Fig. 1A), in accordance with that obtained for other JEV
strains (Vrati et al., 1999; Wu and Lee, 2001), yielding a
computed burst size of 440 PFU per cell for the P20778
strain of JEV. Both negative and positive strands were
detectable earliest by 8 h p.i. (Fig. 1B). The detection of
these viral RNA strands at 6 h p.i. in an earlier report for
JEV (Takegami and Hotta, 1990) could be ascribed to the
marginally higher sensitivity achieved due to use of 32P-
labeled probes in contrast to nonradioactive biotinylated
probes used in our study. The ratio of positive-to-negative
strands at 8 h p.i. was 3:1 and rapidly increased thereafter to
11.7:1 by 18 h p.i., a value similar to the 10:1 ratio reported
for DEN at peak times of viral RNA synthesis (Cleaves et
al., 1981). A subsequent rapid decline in intracellular viral
RNA, attributable to RNA degradation following extensive
cell death, took place after 18 h p. i. (Fig. 1B).
To estimate the total number of genomic strands generated
by the virus, the intensity of the signal obtained by Northern
blot hybridization of JEV RNA from infected cells 18 h p.i. to
labeled strand-specific probes was compared to that obtained
similarly with known quantities of positive- and negative-sense
transcripts mapping to the NS1 region synthesized in in vitro
transcription reactions (see Materials and methods). Such an
exercise revealed a total of 4.8  109 and 0.4  109 positive
and negative strands, respectively, produced from 2  105
cells. Therefore the total amount of free full-length genomic
plus strands after deducting total number of negative strands
was estimated to be 4.4 109, which is50-fold in excess of
the total number of viral PFU generated. For the pestivirus
bovine viral diarrhea virus (BVDV), the number of free posi-
tive strands per cell was estimated to be15,000 (Gong et al.,
1996), which is only 1.46-fold lower than that synthesized
inside a JEV-infected cell (22,000 molecules). However a
1000-fold lower titer was obtained for BVDV compared to
JEV. On the other hand, compared to JEV a 3.45-fold greater
amount of free genomic plus strands are generated inside a
poliovirus-infected cell (76,000 molecules) (Novak and
Kirkegaard, 1991), a third of which is packaged, resulting in a
burst size of25,000 PFU/cell. In the case of DEN depending
on the strain and cell line used, positive strands were found to
be 2- to 55-fold in excess of the PFU released per cell
(Diamond et al., 2000). Thus robust RNA viruses such as
poliovirus exhibit superior replication rates, with peak titers
achieved and entire life cycle completed within 8 h of virus
entry into the cell (Rueckert, 1991). The contrasting low titers
of flaviviruses may thus be attributed to reduced levels of RNA
synthesis and perhaps also lower packaging efficiency.
Identification of JEV RNA species generated during and
optimization of reaction conditions for in vitro RdRp
assay
The partially denaturing 7 M urea–3% polyacrylamide
gel electrophoresis (PAGE) used to resolve the labeled viral
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RNA species generated in in vitro RdRp assays revealed
three products (Fig. 2C), whose identities as RF, RI, and
viral genomic RNA (vRNA) were established based on
lithium chloride solubility and resistance/susceptibility to
RNase A (data not shown). These results show that the RNA
species produced in an in vitro RdRp assay using JEV-
infected cell homogenates are similar in their properties to
those reported for KUN (Westaway, 1987). Differences
may however exist in the heterogeneity of the RI species as
the number of ss nascent species per RI molecule differs
between flaviviruses. For instance in the case of DEN
(Cleaves et al., 1981) and BVDV (Gong et al., 1996) the
number of free ss nascent strands was estimated to be six to
eight per RI molecule, compared to only one in the case of
KUN (Chu and Westaway, 1985).
We initially carried out in vitro RdRp assays using ho-
mogenates from JEV-infected PS cells harvested 24 h p.i.
and determined the concentration of radiolabeled and cor-
responding cold nucleotide required for optimal detection of
labeled viral RNA products generated in the in vitro reac-
tion. As shown in Fig. 2A, the addition of as little as 0.1 M
cold GTP to a reaction containing 1 Ci of radiolabeled
GTP (equivalent to 6.4 nM GTP) reduced the incorporation
of label into viral RNA to 80%. This value further decreased
to 52 and 39% at concentrations of 1.0 and 5 M cold
nucleotide, respectively. Evidently the endogenous pool of
GTP was sufficient to obtain maximum incorporation into
and consequently enhanced sensitivity in detecting all three
labeled viral RNA species generated in the in vitro reaction,
a feature noted for the other three nucleotides as well (data
not shown). We therefore carried out all subsequent assays
without exogenous supplementation of the competing cold
nucleotide. We however included 0.4 mM of each nucleo-
tide other than the one used for labeling to allow efficient
elongation/release and to avoid the marginal increase in RI
species observed otherwise. In the subsequent time-course
Fig. 1. (A) One-step growth curve of JEV. Culture supernatants harvested at the indicated times from PS cell monolayers infected with JEV at an m.o.i of
10 were used to determine viral titers. (B) Kinetics of production of plus- and minus-strand JEV RNA within infected cells. Total RNA isolated from PS
cell monolayers infected as in (A) at the time points indicated was electrophoresed on fully denaturing formaldehyde-agarose gels, transferred to nylon
membrane, and hybridized to biotin-labeled JEV strand-specific RNA probes. The intensity of the signal was quantitated to obtain arbitrary pixel values,
which were plotted against time. The filled squares and triangles denote positive and negative strands, respectively.
360 P.D. Uchil, V. Satchidanandam / Virology 307 (2003) 358–371
Fig. 2. Optimization of RdRp reaction conditions. (A) Effect of exogenous competing unlabeled nucleotide on incorporation of [32P]GTP. Labeled RNA
products synthesized in vitro using JEV-infected cell homogenates under varying concentrations of cold competing GTP were analyzed on urea–PAGE.
Values below lane numbers denote label incorporated as a proportion of that obtained in the absence of added cold GTP shown in lane 1. (B) Time course
of RdRp activity. JEV-infected PS cell monolayers were harvested at various times indicated and homogenates obtained were used to assay RdRp activity
in vitro. (C) Effect of temperature on in vitro RdRp activity. In vitro polymerase assay was carried out at the mentioned temperatures and the RNA products
analyzed as in (A). (D) Effect of increasing K ions on in vitro RdRp activity. Assays were carried out with increasing concentration of potassium glutamate
mentioned above the lanes and analyzed as in (A). Values below lane numbers in (B–D) denote total radioactivity incorporated by all three viral RNA species
as a proportion of that detected in standard assays in lanes represented as 1.
experiment, weak RdRp activity was first detected at 6 h p.i.
with the peak attained by 18 h p.i., which remained steady
thereafter (Fig. 2B). Based on these experiments, RdRp
preparations from cells harvested 18 h p.i. was used for all
subsequent experiments.
The optimum temperature for assay was experimentally
established to be 25°C (Fig. 2C), which resulted in the
highest levels of all three viral RNA species produced. The
optimum time for the assay was found to be 60 min, as no
significant increase in incorporation of labeled nucleotides
into the viral RNA species took place after this time point
(data not shown). Monovalent cations such as K are
known to be required for NTPase activities of NTP-binding
proteins (de Boer et al., 1992; Mukherjee et al., 1993;
Raychaudhuri and Park, 1992). The RdRp activity of WNV
and KUN were however not affected by the presence of K
(Chu and Westaway, 1987; Grun and Brinton, 1986) in
contrast with observations made in a previous study on JEV
RdRp activity (Takegami and Hotta, 1989). We found that
the JEV RC, in absence of K, exhibited only 60% of the
activity obtained under optimum conditions (Fig. 2D, com-
pare lanes 1 and 4) and also accumulated RI, resulting in an
overall reduction in the amounts of vRNA and RF released.
With increasing concentrations of K, a decrease in the
proportion of RI with concomitant increase in vRNA and
RF was noticed (Fig. 2D, lane 2) in addition to an overall
increase in activity, suggesting improved elongation/release
of viral RNA (Fig. 2D, lanes 2–4). Since K was found to
be one of the vital components for RdRp activity, we com-
pared various salts of K and the glutamate salt was found
to support optimal RdRp activity at a concentration of 200
mM. Further increase of this as well as the chloride salt of
K to as high as 1 M had no deleterious effect on the RdRp
activity (data not shown), revealing a tight association of the
replicase with its template. On the other hand, ammonium
acetate, another monovalent cation, which was shown to
activate WNV RdRp (Grun and Brinton, 1986), had no
significant effect on the JEV RC (data not shown) and was
not included in our standard assay. The ATP regenerating
system (phosphoenol pyruvate and pyruvate kinase) was
found to be essential as its omission caused reduction in the
synthesis of genomic viral RNA (data not shown) presum-
ably due to the energy intensive nature of the initiation or
release events, comparable to the requirements of the KUN
RdRp (Chu and Westaway, 1987).
Divalent cations play an important role in nucleic acid
synthesis as polymerases utilize a complex of divalent cat-
ions and nucleotides as the true substrates. Mg2 is usually
the preferred cation for polymerases. The HCV RdRp has
however been found to exhibit differential requirements,
with Mn2 being utilized for de novo initiation, while Mg2
remained the preferred cofactor for primer-dependent RNA
synthesis (Luo et al., 2000). JEV RC displayed maximum
activity at 3.2 mM Mg2 (Fig. 3A), with absolutely no
activity detectable in its absence, establishing a vital role for
this cation in the polymerization reaction (Fig. 3C, lane 1).
A similar strict dependence of RdRp activity on Mg2 has
also been documented with other flaviviruses (Chu and
Westaway, 1987; Grun and Brinton, 1986). RdRp activity
remained at maximum levels up to 12.5 mM Mg2 (Fig.
3A), and inhibition was evident at higher concentrations
(data not shown). Notably, the binding of Mg2 to the
replicase complex displayed cooperativity with a Hill coef-
ficient of 2.159  0.24. In contrast, JEV RC demonstrated
simple Michaelis–Menten kinetics with Mn2 and an ap-
proximately six-fold higher affinity for this cation when
compared to Mg2 (0.2185 and 1.249 mM, respectively;
Fig. 3A and B), a resultant maximal activity being attained
at a mere 0.375 mM Mn2 as opposed to 3.2 mM for Mg2
(Fig. 3A and B). Nevertheless, only 68% of the maximum
Mg2-dependent activity was achieved in the presence of
Mn2 (Fig. 3C, compare lanes 7 and 15), attributable per-
haps to higher levels of activity promoted by the allosteric
binding of the former to the replicase complex. Concentra-
tions of Mn2 higher than 0.6 mM resulted in inhibition
(data not shown). Interestingly, we also observed incom-
pletely synthesized products of polymerase reaction at sub-
optimal levels of both Mg2 and Mn2 (Fig. 3C, arrows in
lanes 2–6). These products were more prominent when
Mn2 was the sole cation in the assay (data not shown),
signifying a role for Mg2 in enhancing template affinity of
the JEV RC. Addition of increasing amounts of Mn2 to the
standard reaction containing 10 mM Mg2 was deleterious
for RdRp activity (Fig. 3C, lanes 8–13). The observed
higher affinity of Mn2 for the RC combined with its
reported higher affinity for nucleotides (Mohan and Rech-
nitz, 1974) together appear to contribute to the displacement
of Mg2 from its binding site(s) on the RC. The accumu-
lation of RI at the expense of RF and vRNA was also
evident under Mn2-mediated inhibition of Mg2-depen-
dent activity (Fig. 3C, lanes 7–10) in comparison to condi-
tions where this inhibition was relieved (Fig. 3C, lane 14),
indicating that Mn2 adversely affected elongation and/or
release of vRNA from RI molecules. Addition of Ca2 even
in the micromolar range inhibited the RdRp activity (Fig.
3C, lanes 16–18) and it was unable to substitute for Mg2
(Fig. 3C, lane 19) over a wide rage of concentrations tested
(0.005 to 320 mM, data not shown). The mechanism for this
inhibition is not understood. Ca2 also caused accumulation
of RI in a manner similar to Mn2 (Fig. 3C, lanes 16–18).
Addition of ethylene glycol-bis(beta-aminoethyl ether)-
N,N,N,N-tetraacetic acid (EGTA) to reactions containing
either Mn2 or Ca2 along with Mg2 led to complete
restoration of Mg2-dependent activity (Fig. 3C, lanes 14
and 20) as a result of preferential chelation of the former
cations which have higher affinities for EGTA than Mg2
(Holloway and Reilley, 1960).
Effect of detergents on RdRp activity
Flaviviral RC are known to be membrane bound and
therefore presence of detergents in standard assays could
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influence RdRp activity. In the case of poliovirus, use of the
ionic detergent sodium deoxycholate rendered the replicase
initiation-deficient (Egger et al., 1996). A similar effect was
also observed for KUN where nonionic detergents such as
NP-40 and Triton X-100 caused a decrease in the amount of
vRNA synthesized, pointing to the loss of important initia-
tion and/or release factors essential for the entire function of
the RC (Chu and Westaway, 1987). Despite such draw-
backs, detergents are handy tools for solubilization and
subsequent purification of membrane-bound RC (Fuller-
Fig. 3. Effect of divalent cations on JEV RdRp activity. Label incorporated in presence of increasing concentrations of Mg2 (A) and Mn2 (B) was used
to determine femtomoles of substrate polymerized per unit time and plotted against metal ion concentration. Nonlinear regression analysis available in the
GraphPad Prism version 3.00 software was used to compute the affinity constants. In (A), H denotes the Hill coefficient. (C) Inhibition of Mg2-dependent
RdRp activity by Mn2 and Ca2. Reactions were carried out with increasing concentrations of Mg2 in the presence of 0.05 mM Mn2 (lanes 2–6). Arrows
denote products of incomplete RNA synthesis. Lanes 8–13 show the effect of increasing concentration of Mn2 in the presence of 10 mM Mg2. Lanes
16–18 show the effect of increasing concentration of Ca2 in the presence of 10 mM Mg2. Lanes 14 and 20 represent assays carried out in the presence
of equimolar concentrations of EGTA corresponding to Mn2 and Ca2, respectively. Lanes 1, 7, 15, and 19 represent activity obtained in the absence of
any divalent cation, 0.4 mM Mn2, 10 mM Mg2, or 1 mM Ca2, respectively.
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Pace and Southern, 1989; Grun and Brinton, 1988; Miller
and Hall, 1984) and could also potentially provide insights
into the organization of proteins and RNA in the RC. A
useful detergent would thus be one that keeps the entire
activity of the enzyme intact while solubilizing the com-
plex. Hence we screened zwitterionic, anoinic, and nonionic
detergents for this property at three different concentrations
chosen with respect to their critical micellar concentration
(CMC). The concentrations of detergents that did not inhibit
RdRp activity completely were mostly inefficient in solu-
bilizing the complexes. Most of the nonionic detergents
tried were able to solubilize only 2–16% of the residual
RdRp activity (data not shown). Of note was the observation
that NP-40 completely inhibited JEV RdRp activity begin-
ning at its critical micellar concentration of 0.006% (Fig. 4,
lane 5) up to 2 % that we tested, in contrast to the limited
effect of this detergent on KUN (Chu and Westaway, 1987).
This inhibition was not due to the inherent inhibitory nature
of certain batches of commercial NP-40 reported earlier
(Grun and Brinton, 1988) since we found no inhibition of
WNV RdRp activity assayed in vitro by the same concen-
trations of this NP-40 preparation (data not shown). We also
observed similar inhibition of JEV RdRp activity by the
nonionic detergent Triton X-100 (data not shown). On the
contrary, JEV RC isolated from infected C6/36 cells of
mosquito origin was not affected by as much as 0.7% (11.6
mM) NP-40 (Takegami and Hotta, 1989).
Among the nonionic detergents tested, n-dodecyl malto-
side, alone solubilized 41% of RdRp activity but at a con-
centration where only 8% of total activity was retained (data
not shown). Anionic detergents alone were superior in the
property of maintaining total RdRp activity along with ef-
ficient solubilization of the RC. Sodium deoxycholate
(DOC) scored higher than taurodeoxycholate (TDOC) in
both respects (Fig. 4, compare lanes 1–3 and 7–9). CMC
concentrations of these two detergents (0.06 and 0.2%,
Fig. 4. Effect of detergents on JEV RdRp activity. JEV-infected PS cell homogenates were treated with varying concentrations of taurodeoxycholate (TDOC),
Nonidet P-40 (NP-40), and sodium deoxycholate (DOC) based on their critical micellar concentration (CMC) as shown above the lanes prior to RdRp assay.
The labeled RNA was extracted and analyzed on urea–PAGE. Values below lane numbers denote total radioactivity incorporated by all three viral RNA
species as a proportion of that detected in standard assays in lanes represented as 1. The percentage of activity solubilized by each detergent is also given
below each lane only for those detergents whose maximum concentration retained RdRp activity. This was computed by estimating the total RdRp activity
released in the presence of detergent into supernatant fractions obtained after sedimenting at 16,000 g for 20 min.
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respectively, for DOC and TDOC) however caused an in-
explicable inhibition of RdRp activity (Fig. 4, lanes 2 and
8). However concentrations up to 3% of both these deter-
gents did not affect the RdRp activity (data not shown).
Thus these anionic detergents would be potentially useful
reagents for applications requiring solubilization of func-
tional viral replicases from the membrane milieu.
Mechanism of virus replication
To facilitate elucidation of the mechanism of JEV repli-
cation, we carried out both in vivo as well as in vitro pulse
labeling of viral RNA within virus-infected cells with car-
rier-free 32P-inorganic phosphate (32Pi) and [32P]GTP, re-
spectively. As was the case with KUN (Chu and Westaway,
1987), the former resulted in a slow but continuous incor-
poration of fresh label into the RI and RF even during the
chase period, probably due to residual pools of labeled
metabolic intermediates, making it difficult to precisely
determine the precursor–product relationships of the three
viral RNA species formed during viral replication. In vitro
labeling on the other hand revealed an accumulation of label
in vRNA and RF simultaneous with the decrease in the
amount of label in RI, demonstrating that RI was the pre-
cursor for both RF and vRNA (Fig. 5A). Thus JEV also
abides by the replication mechanism proposed for KUN
(Chu and Westaway, 1985) in being asymmetric and semi-
conservative where the RF plays the central role of the
recycling template which on initiation forms RI that re-
solves to regenerate RF along with ss genomic RNA. The
delayed pulse assay allows one to visualise new initiation
events, which would result in label entering vRNA. We
found that JEV complexes initiated with considerable effi-
ciency with detectable initiation occurring as late as 60 and
90 min after incubation in vitro (Fig. 5B). Thus the JEV-RC
preparations used in our studies were more robust than those
of KUN where an 80% decrease in rate of incorporation
compared to the initial rate occurred after a mere 20-min
delay in label addition (Chu and Westaway, 1987), while
JEV RC preparations still retained 78% of the initial incor-
poration rate (Fig. 5B, lane 3).
Effect of AMD treatment on RdRp activity
Actinomycin D (AMD), a potent inhibitor of host DNA-
dependent RNA polymerases, has been used extensively to
study replication of RNA viruses since RdRp are insensitive
to AMD. Sensitivity of RNA viruses to AMD would there-
fore implicate the involvement of host protein factor(s) in
viral replication, as has been observed with some other
viruses (Alblas and Bol, 1977; Baric et al., 1983; Morris-
Krsinich et al., 1979). AMD has also been demonstrated to
inhibit JEV replication at very low concentrations where 1
g/ml reduced viral titer by about 90% (Zebovitz et al.,
1972). The aforementioned study however employed AMD
throughout the period of infection, which may have resulted
in the observed effect on viral titers through the inhibition of
the host translational machinery leading to a decline in viral
protein synthesis. In an in vitro replication system that used
KUN-infected Vero cell lysates as the source of viral RC
(Chu and Westaway, 1987), RdRp activity, though affected
in the latent phase, was nonetheless found resistant to AMD
in the late phase of infection. This AMD treatment was
carried out for a period of 16 h during the latent but only for
2 h during the postlatent phase, making it difficult to carry
out direct comparisons or draw definitive conclusions. To
ascertain the involvement of a functional host nucleus dur-
ing JEV replication, we used AMD for a period of 2 h
during both latent (13–15 h p.i.) and postlatent (22–24 h
p.i.) phases and performed assays 15 and 24 h p.i., respec-
Fig. 5. (A) In vitro products accumulated in RdRp reactions after varying
pulse time with [32P]GTP and analyzed on urea–PAGE. (B) JEV RNA
synthesized at various times during the reaction. The addition of
[32P]GTP to the assays was delayed until the times indicated above the
lanes and the reaction was allowed to proceed for 20 min before extraction
and analyses of RNA as above. Values below lane numbers in (B)-denote
total radioactivity incorporated by all three viral RNA species as a propor-
tion of that detected in standard assays in lanes represented as 1.
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tively. When compared with the untreated controls, we
observed only a marginal decrease in the RdRp activity in
AMD-treated samples (data not shown), demonstrating that
the activity of JEV RC was not abrogated in AMD-treated
homogenates despite inhibition of host transcription. Indeed
cycloheximide treatment of infected cells for as long as 16 h
revealed that KUN RC once formed could support replica-
tion regardless of the lack of continued protein synthesis
(Westaway et al., 1999). Thus host factors, if any, would
already have been integrated into these long-lived viral RC.
We therefore carried out AMD treatment of cells prior to
JEV infection to deplete the host mRNA and thereby host
factor(s), if any, that may be essential for formation of
functional viral RC. AMD treatment of cells for 2 and 4 h
prior to infection reduced RdRp activity by 24 and 65%,
respectively. This result was in agreement with the corre-
sponding 87 and 97% fall in viral titers obtained following
these treatments. Alpha-amanitin at concentrations that se-
lectively inhibit eukaryotic RNA polymerase II (Lindell et
al., 1970) brought about similar effects (data not shown).
Our results thus suggest a need for a probable host factor(s)
by the virus to form functionally efficient RC. In fact, a host
factor Mov34 of murine origin has been shown to specifi-
cally interact with the 3 untranslated region of JEV
genomic RNA although its role in replication remains to be
proved (Ta and Vrati, 2000). It has to be borne in mind that
the above inhibition might be due merely to depletion of
host translation factors required for the translation of the
incoming viral genomic RNA. On the other hand, the host
translation elongation factor-1 has been shown to interact
specifically with 3 untranslated region of WNV, pointing to
a role for this host protein in viral replication (Blackwell
and Brinton, 1997). In keeping with this, a function for
translation factors as essential components in viral RC has
been conclusively shown for many plus-strand RNA viruses
(Lai, 1998), suggesting that association with translation
factors may be a general feature of replication of RNA
viruses.
Determination of kinetic constants for JEV RC
Estimation of kinetic constants for a RC using cell-free
homogenates is hampered owing to presence of abundant
levels of endogenous nucleotides. At the same time evalu-
ation of these parameters for a viral replicase complex as
opposed to a single purified polymerase would provide
values that better reflect the in vivo situation. Flaviviral RC
being membrane bound can be sedimented from infected
cell homogenates (Chu and Westaway, 1992). Use of phos-
phatases to deplete the substantial amounts of endogenous
nucleotides present in these heavy membrane fractions
(16KP, see Materials and methods for details) resulted in
inhibition of the RdRp activity perhaps by the released
diphosphates and inorganic phosphates (data not shown).
We therefore resorted to extraction with 1 M KCl that alone
successfully reduced the concentration of endogenous nu-
cleotides to acceptable levels as judged by a total lack of
RdRp activity in the absence of exogenously supplied nu-
cleotides (Fig. 6A, lane 1). This treatment does not cause
any loss of RdRp activity and accordingly, presence of 1 M
KCl during the assay also had no effect on the in vitro RdRp
activity (data not shown). As shown in Fig. 6B, the Michae-
lis-Menten constant (Km) of JEV RC for purines (8.988 
0.736 and 7.240  0.794 M for GTP and ATP, respec-
tively) was about two to three times the Km for pyrimidines
(3.974  0.281 and 3.128  0.159 M for CTP and UTP,
respectively), indicating that the affinities of the RC for
purines are two- to threefold less in comparison to that for
pyrimidines. These values are similar to those reported for
the RC of brome mosaic virus purified from infected cells
(Kao and Sun, 1996). Maximum velocity (Vmax) of the JEV
RC under these reaction conditions was estimated to be 32
 2 fmol/min.
Trypsin resistance of JEV RC
Fractionation of KUN- and WNV-infected cell homog-
enates had revealed that fractions containing the bulk of
NS5 protein displayed insignificant proportions of RdRp
activity (Chu and Westaway, 1992; Grun and Brinton,
1987). These observations however did not rule out disso-
ciation of one or more factors from NS5 that might be
required for manifestation of its polymerase activity. We
attempted to investigate the above disparity by protease
treatment of the JEV RC and found to our surprise, no
reduction in RdRp activity even after extensive treatment of
the 16KP fractions with as high a concentration as 1 mg/ml
trypsin (Fig. 7A, lanes 2–4). This was despite the near
complete destruction of NS5 and NS3 under these condi-
tions as seen in [35S]methionine-labeled 16KP membrane
preparations (Fig. 7B, lanes 2–4). Thus, we have for the first
time directly demonstrated that a very small proportion of
not only NS5 as suggested by earlier reports (Chu and
Westaway, 1992; Grun and Brinton, 1987) but also NS3 in
an infected cell actually contributes to the total replicase
activity. These results shed light on the spatial organization
and orientation of flaviviral RC within the host cell mem-
branes. The identity of NS3 and NS5 in these experiments
was confirmed by Western reactivity to specific sera (data
not shown). The contrasting trypsin sensitivity of JEV
RdRp reported earlier (Takegami and Hotta, 1989),
which led to the postulation of a cytoplasmic orientation
for the JEV RC, may have resulted from contamination of
the trypsin samples used. Another consequence of this
finding would be the vast underestimation of the specific
activity of the replicase complex computed based on the
total quantity of NS5 present in the 16KP membrane
preparation. Thus the flaviviral RdRp is evidently a ro-
bust enzyme with an impressive catalytic activity for
polymerizing nucleotides.
To our knowledge, this is the first study that provides an
exhaustive characterization of the JEV RC, under condi-
366 P.D. Uchil, V. Satchidanandam / Virology 307 (2003) 358–371
tions that are a close mimic of the in vivo environment. In
addition to determining the Km for the nucleotides and
demonstrating cooperative binding of Mg2 at two sites for
the first time, our observations on the trypsin resistance of
replicase activity suggest the existence of a membrane bar-
rier that denied access for trypsin to the protein components
of the JEV replication machinery. Preliminary studies with
DEN and WNV (data not shown) revealed a similar trypsin
resistance for the RdRp activity of these two viruses, point-
ing to a common membrane architecture for RC of flavivi-
ruses. Unraveling this underlying common organization
would not merely provide important insights into the precise
design of the replication pathways adopted by flaviviruses
but also have far-reaching implications in terms of the
strategies adopted against the deleterious effects of host
defense mechanisms. Our results have thus raised inter-
esting questions pertaining to the architecture of the
flaviviral replication complexes housed within infected
cell membranes, answers to which are currently being
investigated.
Materials and methods
Viruses and cells
Japanese encephalitis virus strain P20778 (GenBank Ac-
cession No. AF080251), obtained from National Institute of
Virology (NIV, Pune, India), was used in our study. The
porcine kidney cell line PS [National Centre for Cell Sci-
ence (NCCS), Pune, India] maintained at 37°C in MEM
with 10% FBS in a humidified atmosphere with 5% CO2
was used to determine viral titers by agarose-plaque overlay
method as described previously (Gould and Clegg, 1985).
The same cell line was also used as the host for studying
JEV replication. These cells were routinely infected with
Fig. 6. Determination of affinity of JEV RdRp for nucleotide substrates. (A) Assays were carried out using virus-induced heavy membrane fractions
containing 5 g of total protein in the absence or presence of increasing concentrations of CTP denoted above the lanes. (B) Label incorporated was used
to determine femtomoles of substrate polymerized per unit time and plotted against CTP concentration. Nonlinear regression analysis available in the
GraphPad Prism version 3.00 software was used to compute the Km of JEV RC for CTP (shown as inset).
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JEV at an multiplicity of infection (m.o.i.) of 10 and the cell
homogenates were used as a source of viral replication
complexes 18 h p.i.
One-step growth curve
Confluent PS cells in a six-well plate were infected with
JEV strain P20778 at an m.o.i. of 10 for 1 h at 4°C. The cells
were washed extensively with phosphate-buffered saline
(PBS) at the end of the infection period; complete medium
at 37°C was added, and incubation was continued for var-
ious time points. At different time points postinfection the
supernatants were harvested and used for determination of
virus titer. The harvested cells were washed once with PBS
and divided into two fractions, one of which was used for
carrying out RdRp assay while the duplicate sample was
used for extraction of total RNA as described below. These
RNA samples were electrophoresed on formaldehyde aga-
rose gels and transferred to a nylon membrane for subse-
quent hybridization to viral strand-specific RNA probes.
The detection of negative and positive strands was carried
out using 5 g of total RNA per lane.
Generation of strand-specific RNA probes and Northern
analysis of viral RNA
The region corresponding to the NS1 gene (2478–3713
nt in the JEV genome) was obtained by RT-PCR using total
RNA from JEV-infected PS cells. The following primer
pairs were used in PCR to obtain the 1.2-kb product: 5-
GGCCGGAATTCTCGAGATG CTCTGGATGGGCGTC-
AACGCA-3 (upstream primer) and 5-CGCGCGTCGACAG
GCCTTTATAGCACCACATACCTCGCC-3 (downstream
primer). The PCR product was ligated to T-easy vector
(Promega Corp.), linearized with either SalI or XhoI, and
transcribed using T7 or SP6 RNA polymerase to synthesize
positive- and negative-sense RNA probes, respectively. In
vitro transcriptions using the biotin RNA labeling mix
(Roche) and subsequent Northern blot analysis of viral
RNA were carried out according to manufacturer’s instruc-
tions. The biotin-11-UTP incorporated into the two probes
was estimated and equalized before their use in hybridiza-
tion reactions. Only full-length probes were used for North-
ern blot analysis and the amount of probe was always
10-fold in excess of the amount of total target molecules
expected to be present on the blots. The blots were devel-
oped with the chemiluminescent substrate CDP-STAR (Pro-
mega Corp.) and signals were detected and analyzed using
Fujifilm LAS-1000 and Image reader LAS-1000 V1.0 soft-
ware, respectively.
Preparation of JEV replication complexes
PS cells infected with JEV at an m.o.i. of 10 were
harvested by centrifugation at 800 g at various time points
p.i. and washed with ice-cold PBS. AMD treatment of cell
monolayers when carried out for varying periods of time
was at 5 g/ml, a concentration known to inhibit cellular
RNA synthesis. Trypan blue exclusion test was utilized to
ensure lack of cytotoxic effects due to AMD treatment. The
Fig. 7. Effect of trypsin on JEV RdRp. (A) JEV-induced heavy membranes obtained from infected cells were treated with increasing concentrations of trypsin
as shown above the lanes and processed as denoted in the flow chart. Labeled RNA products synthesized in vitro were analyzed on urea–PAGE. (B)
Demonstration of trypsin activity using [35S]methionine-labeled proteins. 16KP fractions obtained from JEV-infected PS cells metabolically labeled with
[35S]methionine were subjected to increasing amounts of trypsin as mentioned above the lanes followed by electrophoresis on SDS–10% PAGE and
autoradiography. Complete inhibition of trypsin in the presence of trypsin inhibitor is shown in lane 5.
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cell pellets were resuspended in TNMg buffer (10 mM Tris
pH 8.0, 10 mM sodium acetate, 1.5 mM MgCl2) at a density
of 4 106 cells per milliliter and allowed to swell on ice for
10 min before being disrupted by sequential passage
through 21- and 29-guage needles, 20 times each. MgCl2
was omitted from the TNMg buffer in assays carried out to
determine the effect of divalent cations. These homogenates
were used as a source of viral RC. Protein concentrations
were determined as described (Smith et al., 1985) with
bovine serum albumin (BSA, Sigma) as standard.
In vitro RdRp assay
RdRp assays were always carried out in triplicate unless
otherwise stated. Following optimization, assays were car-
ried out at 25°C for 1 h in a total volume of 50 l containing
50 mM Tris–HCl, pH 8.0, 10 mM magnesium acetate, 200
mM potassium glutamate, 6 g/ml AMD, 10 mM 2-mer-
captoethanol, 5 mM phosphoenolpyruvate, 3 units/ml pyru-
vate kinase, 20 units of RNAsin (Promega Corp.), 0.4 mM
each of ATP, CTP, and UTP (Roche Applied Science), 1
Ci [32P]GTP (3000 Ci/mmol), and 25 g of virus-in-
fected cell homogenates. Assays carried out to determine
the effect of divalent cations did not include magnesium
acetate unless otherwise stated. Reactions were terminated
by addition of 450 l of a solution containing 4 M guani-
dine isothiocyanate, 25 mM sodium citrate pH 7.0, 0.5%
sodium lauryl sarcosine, and 0.1 M 2-mercaptoethanol, and
the RNA products extracted with phenol and bromochloro-
propane as described elsewhere (Chomczynski and Mackey,
1995). Care was taken to avoid vortexing the RNA to
prevent sheer-induced damage to the 11-kb vRNA species.
Lithium chloride fractionation and subsequent RNase A
digestion of viral RNA species was carried out as described
earlier (Chu and Westaway, 1987).
The viral RNA products were dissolved in TBE buffer
(10.8 g Tris, 5.5 g boric acid, 0.93 g EDTA in 1 l water, pH
8.3) containing 7 M urea and 20 mM vanadyl ribonucleo-
side complexes (Sigma) before being resolved by partially
denaturing 7 M urea–3% PAGE followed by autoradiogra-
phy as described earlier (Chu and Westaway, 1987). Effect
of various detergents on the RdRp activity was evaluated
based on the critical micellar concentrations (Neugebauer,
1990) by incubating them with the infected cell homoge-
nates for 1 h on ice prior to initiation of RdRp assays. All
the detergents used were nuclease-free molecular biology
grade obtained from Sigma-Aldrich. The amount of each
viral RNA species generated was detected on a Fuji BAS-
1000 phosphorimager, estimated with the Fuji MacBAS
V2.4 software, and used for computing the overall activity.
The labeled RNA species generated during the in vitro
assays were confirmed to be of viral origin by carrying out
RNase protection assays as described elsewhere (Chen et
al., 1997), following hybridization of these labeled products
to unlabeled strand-specific viral NS1 region-specific RNA
probes described above.
In vivo labeling of viral RNA
PS cells grown in MEM as described above were mock-
or JEV-infected at an m.o.i. of 10 and moved to phosphate-
free MEM containing 10 g/ml AMD at 16 h p.i. An hour
later, medium containing 3 g/ml AMD and 30 Ci/ml
inorganic phosphate (NEN, DuPont) was added and incu-
bation continued for 1 h. In pulse-chase experiments, a final
100 mM phosphate buffer (pH 7.2) was used to chase the
label. The extracted labeled viral RNA was resolved on a
partially denaturing 7 M urea–3% PAGE and visualized by
autoradiography. Labeled RNA species were not observed
in mock-infected cells under identical conditions.
Determination of kinetic constants
Infected-cell homogenates were centrifuged at 800 g to
sediment the nuclei and the supernatant was further centri-
fuged at 16,000 g to obtain heavy membrane fractions as
described earlier (Chu et al., 1992). Extraction of these 16K
pellet (16KP) fractions was carried out twice for 1 h each
with 1 M KCl on ice, which reduced the endogenous nu-
cleotide pool below detectable levels. The amount of 16KP
fraction protein as well as the time for which the assays
were to be carried out was standardized empirically. All the
assays to determine kinetic constants were subsequently
performed with 5 g total protein and an optimal reaction
time of 10 min, under which conditions the RdRp activity
was found to be in the linear range. The nucleotide under
study was varied from 0 to 400 M. We used 10 Ci of
[32P]GTP (64 nM) to follow the RdRp activity while
varying the amount of the nucleotides ATP, UTP, or CTP
and 10 Ci of [32P]CTP (64 nM) to do the same when the
nucleotide under study was GTP. Concentration of all the
nucleotides other than the one under study was maintained
at 400 M, thus preserving a constant ratio of 6250 for
labeled-to-unlabeled nucleotide. The above affinity con-
stants as well as those for the divalent cations were obtained
by plotting the velocity values against the substrate concen-
trations using the nonlinear regression analysis available in
GraphPad Prism version 3.00.
In vivo labeling of proteins and trypsin treatment
Subconfluent monolayers of PS cells were mock- or
JEV-infected at an m.o.i. of 10. At 16 h.p.i. postinfection
cells were incubated in methionine-deficient medium con-
taining 10 g/ml AMD for 1 h. Cells were then labeled with
50 Ci [35S]methionine (NEN, DuPont) per milliliter in the
presence of 3 g/ml AMD and 0.1% BSA (Sigma) and
harvested 3 h later.
Trypsin (Promega Corp., sequencing grade) treatment
was carried out on ice for 15 min at the concentrations
mentioned and terminated using soybean trypsin inhibitor
(GIBCO-BRL) and phenylmethylsulfonyl fluoride (PMSF,
Sigma) at final concentrations of 2 mg/ml and 1 mM, re-
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spectively. The samples were incubated on ice for 30 min
for complete inactivation of trypsin before processing.
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